We propose a resonant microwave absorber based on a chiral metamaterial. We show, with both numerical simulations and experimental measurements, that the absorber works well for a very wide range of incident angles for different polarizations. The proposed absorber has a compact size and the absorption is close to one for a wide range of incident angles and it is a good candidate for potential applications. * Electronic address: soukoulis@ameslab.gov 1
The research in electromagnetic metamaterials has been growing rapidly in recent years. With metamaterials, peculiar behaviors such as negative refraction, which are not seen in natural materials, can be obtained. Potential applications, such as super-lensing with a flat slab, cloaking, miniature antennas, as well as many other devices have been proposed and studied, covering the electromagnetic spectrum from microwave to visible regime (for reviews of the metamaterial field, see [1] [2] [3] ). Most of the metamaterials are made of periodically arranged metallic structures much smaller than the working wavelength in size. To characterize the electromagnetic responses the metamaterials are treated as homogeneous media such that macroscopic parameters, electrical permittivity ǫ and magnetic permeability µ, can be assigned [4] . The major advantage of metamaterials over natural materials is that the macroscopic parameters can be designed to have desired values. Negative refraction, which is the primary goal of metamaterial research, can be achieved when both ǫ and µ are negative [5] . Structures with electric resonances and magnetic resonances are utilized to fulfill this purpose. Since most proposed metamaterials are metallic resonant structures and rely on strong resonances, losses are inevitable. The existence of losses deteriorates the performance of potential devices such as superlenses [6] . Different ways to reduce the losses have been studied, including the use of low loss materials, the optimization of designs [7] and the use of gain materials to compensate losses [8] .
Instead of trying to reduce the losses, very recently, ideas have been proposed to build resonant absorbers with metamaterials [9] [10] [11] [12] , as well as other metallic nanostructures [13] . The absorption is defined as A(ω) = 1−R(ω)−T (ω), where A(ω), R(ω) and T (ω) are the absorption, the reflection, and the transmission as functions of frequency ω, respectively. It is straightforward to get the two design principles to make the absorption as close to unity as possible: minimize R(ω) and minimize T (ω). To minimize the reflection, we can tune the parameters of the metamaterial to get the effective ǫ and µ matched so that the impedance of the metamaterial z = µ/ǫ is equal to 1 and matched to the free space. So the reflection can in principle be eliminated. To minimize the transmission, the metamaterial needs to be designed so that the imaginary parts of ǫ and µ are as large as possible since they correspond to the loss in the metamaterial. Although it is difficult to get the transmission eliminated by one single layer of the metamaterial, there are ways to achieve unit absorption. The first is to use multiple layers of such metamaterial films to eliminate the transmission [9, 12] ; the second is to use a ground plane to reflect the transmitted wave back [11, 13] . These two approaches have their advantages and disadvantages. The first approach can obtain in principle perfect absorption at the resonance peak, with the sacrifice of increasing thickness.
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The second approach can give a very thin absorber, but the absorption may not be perfect.
Most of the proposed metamaterial absorbers are composed of conducting electric resonators on two sides of a dielectric substrate [9, 10, 12] . The electric response can be obtained from the excitation of the electric resonators by the electric field, and the magnetic response is provided by the anti-parallel currents on the two sides of the substrate [14, 15] . These absorbers depend strongly on the polarization of the incident waves [9, 10] as well as the incident angle. They work only for one polarization at normal incidence and the absorption drops rapidly for off-normal incidence cases. The absorber in Ref. [12] , which is composed of paired metallic rods symmetric on two sides of a substrate, covers a wider angle but only works for one polarization. The design of periodic metallic strips with a ground plate [13] can have an absorption of over 80% at 70
• , but is still limited to one particular polarization. In Ref. [11] , the metamaterial absorber, composed of split-ring shaped electric resonators, operates over a wide range of incidence angles for both transverse electric (TE) and transverse magnetic (TM) waves. However, the electric resonators in the absorber is not symmetric and still have azimuthal dependence.
In this brief report, we propose a new type of resonant absorbers that are made of chiral metamaterials. The chiral metamaterial absorber is shown, by both numerical simulations and experimental measurements, to be angle and polarization independent. Near perfect absorption can be achieved at the resonance. Moreover, the proposed absorber has a thickness of merely 1/5 of the working wavelength λ. Although the modeling and experiments are done in microwave frequencies, the absorber can be easily scaled to find applications at higher frequency regimes.
Chiral metamaterials have been proposed as an alternative route to get negative refraction [16, 17] . Composed of chiral resonators, cross-coupling between the magnetic and electric fields happens at the resonance. The cross-coupling effect, characterized by the dimensionless chirality parameter κ, is generally very small (|κ| ≪ 1) in natural chiral molecules. In chiral metamaterials, the chiral resonators can be designed to have strong resonances and have a much larger κ. The refractive indices of right-handed circular polarization n + and left-handed circular polarization n − , which are the two eigen-solutions of electromagnetic waves in chiral media, are differentiated due to κ. n ± = n ± κ, where n = √ ǫµ [18] . When κ is strong enough, one index becomes negative. Very recently, negative refraction by chiral metamaterials is demonstrated by experiments with different designs [19] [20] [21] [22] . Similar to conventional metamaterials, chiral metamaterials require strong resonances to get a large κ, thus losses are also associated with chiral metamaterials. In microwave experiments, the major loss is shown to be dielectric loss due to the lossy substrates used. The loss can be reduced significantly by using low-loss substrates. On the other hand, resonant absorbers can be made with chiral metamaterials.
The chiral metamaterial in this study is based on Ref. [22] . First proposed to develop threedimensional chiral metamaterials [23] [24] [25] , the elemental structure is formed by two identical splitring resonators (SRRs) separated by a dielectric substrate, and interconnected by vias, as shown in Fig. 1(a) . This is a chiral version of SRRs. To build a chiral metamaterial, the chiral SRRs are fabricated on printed circuit boards (PCBs) in arrays, and cut into long strips with grooves between neighboring cells, see Fig. 1(b) . The strips are then interlocked, with the guidance of the grooves, to form a metamaterial slab with square cells, with the chiral SRRs on the walls of each cell (Fig. 1(c) ). The chiral metamaterial has been shown to have negative refraction due to strong chirality at the resonance frequency [22] . Meanwhile, significant loss is associated with the resonance, which, shown by numerical simulations, is due mainly to dielectric loss in the lossy FR-4 board. The loss can thus be reduced by choosing substrates with a smaller dissipation factor.
On the other hand, a metamaterial absorber can be made out of the current structure.
A chiral metamaterial absorber can be build from the chiral metamaterial slab, backed with a ground copper plate, and covered with a dielectric plate, see Fig. 1(d) . For normal incidence, the incident wave is rotated by an angle θ when it reaches the ground plane; when the wave is reflected back to the chiral metamaterial, it is rotated by the same angle θ, but in the opposite direction. Therefore, the polarization is preserved after the reflection, due to the reciprocity of the metamaterial. In the case of oblique incidence, part of the reflected wave is transformed.
Simulations have shown that the polarization transformation is less than 3% even the incident angle is 85
• off-normal.
The numerical simulations are done in CST Microwave studio. With the help of unit cell boundaries, an infinitely large slab of the absorber is simulated. With the ground plane in the back, the transmission is eliminated and the absorption is calculated by A E = 1 − R EE − R HE for TE polarization and A H = 1 − R HH − R EH for TM polarization, where the subscript E indicates TE polarization and H indicates TM polarization. The term R EE means the reflection coefficient of a TE wave from a incident TE wave and R HE means the reflection coefficient of a TM wave from a incident TE wave. The absorption is calculated for different incident angles, as shown in Fig. 2(a) for TE polarization and Fig. 2(b) for TM polarization. For TE polarization, the absorption is almost unity at normal incidence and remains above 98% until 60
• . The peak absorption drops for large incident angles but is still above 90% even when the incidence angle is 70
• . When taking 4 into account the small shift of the center frequency (1.25% from 0 • to 70 • ), the absorption at the peak frequency of normal incidence case is still more than 40% (60%) at 70
• (60 • ). For TM polarization, the absorption is above 90% for all incident angles and the center frequency shift is less than 1%. Moreover, since the metamaterial slab is uniaxial in plane, the absorber has no azimuthal dependence for either polarization. All these results show that the proposed design can be used as a perfect absorber.
Experiments have also been done to test the absorption behavior of the fabricated sample. A vector network analyzer (Agilent E8364B) and a pair of standard gain horn antennas are used to measure the reflection coefficient from the sample. The EM wave from the horn antenna is linearly polarized. By changing the orientation and the angle of the antennas, the reflection coefficient for both TE and TM polarizations at different incident angles can be measured. The reflection from a metal plate without the absorber is used for normalization. The absorption is then calculated and shown in Fig. 3(a) and Fig. 3(b) . The absorption peaks at resonance are smaller than the simulation results. This is partly due to the fact that the actual dissipation factor of the PC boards may be different from the one used in simulations. The fabrication imperfection contributes to the discrepancies as well. The measured absorption off resonance is generally higher than the simulation results and has many small oscillations. This is caused by the scattering from imperfections in the fabricated structure and the scattering between the horn antennas due to their relatively large aperture. In spite of these discrepancies, the experimental measurements agree with the simulation results that high absorption can be obtained at the resonance for a wide range of incident angles for different polarizations. With these nice absorption properties, the proposed metamaterial absorber is still relatively thin, with a thickness of 1/5 of the working wavelength.
The nature of the resonance and the absorption can be better understood by the surface current density distribution [22] . When the structure is excited by external field, both magnetic dipole and electric dipole exist and they are both parallel to the axis of the SRRs. While the induced current around in the SRRs gives the magnetic dipole, electric charges accumulate on the two SRRs with opposite signs, which introduce a strong electric field between the top and bottom SRRs and give the electric dipole in the same direction as the magnetic dipole. An electric dipole can excite a magnetic dipole in a similar way. Due to this cross-coupling effect and the nonplanar arrangement of the resonators, the resonance can be excited by different polarizations at a wide range of incident angles.
The idea to fabricate microwave absorbers with chiral media can be dated back to 1980's [26, 5 27 ]. The interest is due to the extra macroscopic parameter κ other than ǫ and µ. The authors [26, 27] believed that κ can give extra flexibility in the design of phase-matched microwave absorbers and thus provide improvement to the performance. A debate started soon after these publications, concerning whether κ can really affect the impedance and enhance the absorption [28, 29] . Meanwhile, there is not much experimental support for the superiority of chiral absorbers. A discussion at the conference Bianisotropics'97 concluded that chirality dos not lead to superior absorption [30] . Later experiment results with chiral and achiral resonant structures show that, resonance structures, no matter chiral or not, in a lossy host can significantly enhance the absorption at the resonance frequency and chirality does not play a role in the enhancement of absorption [31] . The superior absorption properties of our design are due to the very strong resonance that can be excited by both electric and magnetic fields, and the compact size of the resonators.
In summary, the absorption properties of a resonant absorber made from chiral metamaterials are studied. The absorber is shown, by both numerical simulations and experimental measurements, to be working for a very wide angle. The absorber is also independent of polarizations and azimuthal angles. Due to the compact size of the resonators, the proposed absorber has a very small thickness (about 1/5 of the center wavelength). All those features make the proposed design a perfect absorber. By scaling the parameters, the design in microwave can be applied to higher frequency regimes. 
